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Abstract 
 
 A suite of uranyl arsenates have been analysed by Near-infrared spectroscopy.  
The NIR spectra of zeunerite and metazeunerite in the first HOH fundamental 
overtone are different and the spectra of uranyl arsenates of different origins in the 
6000 to 7500 cm-1 region are different.  NIR spectroscopy provides a method of 
determination of the hydration of uranyl arsenates and has implications for the 
structure of water in the interlayer. Such a conclusion is also supported by the water 
OH stretching region where considerable differences are observed.  NIR is an 
excellent technique for the study of the autunite minerals and may be used to 
distinguish between different autunite phases such as the partially dehydrated 
autunites for example zeunerite and metazeunerite.   
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Introduction 
 
 The study of uranium minerals is important for the remediation of soils, the 
solution of environmental problems caused by radioactive materials and the uptake of 
radionuclides from aqueous systems. Among the many uranium minerals are a group 
of minerals which are very common worldwide known as the autunite group of 
minerals. The autunite group of minerals are uranyl arsenates and phosphates with 
symmetries ranging from tetragonal to triclinic. The minerals have a general formula 
M(UO2)2(XO4)2.8-12H2O where M may be Ba, Ca, Cu, Fe2+, Mg, Mn2+ or ½(HAl) 
and X is As, or P.  Autunites are common minerals, yet have been rarely studied in 
terms of near-IR spectroscopy [1-4]. Yet the minerals should lend themselves to NIR 
spectroscopy because of their variable water content and the different structural 
arrangements of water in the autunite interlayer.  The minerals have a layer-like 
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structure [3, 5, 6].  The cations and water are located in the interlayer space. The 
mineral autunite has the formula Ca[(UO2)2(PO4)]2.11(H2O) . The structure of a 
synthetic autunite has been solved [5]. Autunite is orthorhombic [5] and saléeite is 
monoclinic [7, 8]. The structure contains the well-known autunite type sheet with 
composition [(UO2)(PO4)], resulting from the sharing of equatorial vertices of the 
uranyl square bipyramids with the phosphate or arsenate tetrahedra [9]. In the case of 
the uranyl arsenates the structure is based upon units of [(UO2)(AsO4)]. Structural 
studies show that the calcium atom in the interlayer is coordinated by seven H2O 
groups and two longer distances to uranyl apical O atoms. Two independent H2O 
groups are held in the structure only by hydrogen bonding [5]. NIR spectroscopy has 
been used extensively in the past for the study of minerals [10, 11].  More recently 
Frost et al. have used NIR spectroscopy to study complex mineralogical systems [12, 
13].  In this work we report the NIR spectroscopy of selected uranyl arsenates and 
compare quantitatively the NIR spectra. 
 
 
Experimental 
 
Minerals 
 
The minerals used in this research and their origin are shown in Table 1.  The 
minerals have been analysed by X-ray diffraction for phase identification and by 
electron probe analysis for composition.  
 
Infrared and Near-infrared spectroscopy (NIR) 
 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer 
with a smart endurance single bounce diamond ATR cell.  Spectra over the 4000 to 
525 cm-1 range were obtained by the co-addition of 64 scans with a resolution of 4 
cm-1 and a mirror velocity of 0.6329 cm/s. Near IR spectra were collected on a 
Nicolet Nexus FT-IR spectrometer with a Nicolet Near-IR Fibreport accessory.  A 
white light source was used, with a quartz beam splitter and TEC NIR InGaAs 
detector.  Spectra were obtained from 11 000 to 4000 cm-1 by the co-addition of 64 
scans at a resolution of 8cm-1. A mirror velocity of 1.2659 was used.  The spectra 
were transformed using the Kubelka-Munk algorithm to provide spectra for 
comparison with absorption spectra.  
 
Spectral manipulation such as baseline adjustment, smoothing and 
normalisation were performed using the Spectracalc software package GRAMS 
(Galactic Industries Corporation, NH, USA). Band component analysis was 
undertaken using the Jandel ‘Peakfit’ software package which enabled the type of 
fitting function to be selected and allows specific parameters to be fixed or varied 
accordingly. Band fitting was done using a Lorentz-Gauss cross-product function with 
the minimum number of component bands used for the fitting process. The Gauss-
Lorentz ratio was maintained at values greater than 0.7 and fitting was undertaken 
until reproducible results were obtained with squared correlations of r2 greater than 
0.995.  
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Results and discussion 
 
 The Near–IR spectral regions may be conveniently divided into three regions 
(a) the high wavenumber region between 6400 and 7400 cm-1 attributed to the first 
overtone of the fundamental hydroxyl stretching mode (b) the 4800-5400 cm-1 region 
attributed to water combination modes of the hydroxyl fundamentals of water, and (c) 
the 4000-4800 cm-1 region attributed to the combination of the stretching and 
deformation modes of the uranyl arsenates.  The NIR spectra in the 6000 to 7200  
cm-1 range of two metazeunerites and zeunerite are shown in Figure 1 and the NIR 
spectra of abernathyite, heinrichite and novacekite are shown in Figure 2.  The results 
of the band component analyses are reported in Table 2.    
 Figure 1 shows a somewhat similar pattern for the two metazeunerites of 
different origin and the zeunerite.  The two metazeunerites show a low intensity band 
at around 7066 cm-1. This suggests a first overtone of an hydroxyl fundamental.  Such 
a concept has serious implications for the formulation of metazeunerites which are 
always assumed to have water in the interlayer without any hydroxyl units. The 
spectral profile of both metazeunerites shows four strong bands. The metazeunerite 
from Gilgai (Australia) has bands at 6791, 6664, 6447 and 6252 cm-1. The 
metazeunerite from Majuba Hill, Pershing Co., Nevada has intense bands at 6747, 
6528, 6314 and 6159 cm-1. Thus although the spectral profiles of the two 
metazeunerites in this region are similar the band positions re quite different.  The 
spectral profile of zeunerite shows five bands at 6925, 6795, 6642, 6398 and 6210  
cm-1. The use of NIR is a most useful technique for studying the autunite minerals and 
may be readily used to distinguish between zeunerite and metazeunerite.  
 
 The spectral profile of abernathyite, heinrichite and nováčekite in the 6000 to 
7200 cm-1 region are very different from either zeunerite or metazeunerite. The 
spectral profile of nováčekite and abernathyite are similar but very different from 
heinrichite. Nováčekite NIR spectrum shows four bands at 7111, 7019, 6838 and 6831 
cm-1.  Abernathyite NIR spectrum shows four bands at 7084, 6973, 6808 and 6462 
cm-1.   In contrast the NIR spectrum of heinrichite is more complex with a number of 
overlapping bands.  The significance of this work rests with the origin of the bands in 
this spectral region. The bands result from the first overtone of the water HOH 
fundamental. The fact that the spectra are different has implications for the interlayer 
structure of the uranyl arsenates. The structural arrangement of water in these uranyl 
arsenates is different for the different minerals. 
 
 The infrared spectra of the water HOH stretching region of the two 
metazeunerites and zeunerite are shown in Figure 3 and for abernathyite, nováčekite 
and heinrichite in Figure 4.   The observations made in the NIR first fundamental 
overtone region are also true for the water stretching region.  The spectral profile of 
the two metazeunerites is similar except that the sample from Gilgai appears to have a 
kaolinite impurity in the sample. The profile of metazeunerite is different from 
zeunerite. This must reflect the reduction in the number of waters in the formula unit 
from 12 to 8.  The spectral profile of abernathyite, nováčekite and heinrichite are 
different. 
 
 The spectral profile of zeunerite and metazeunerite are shown in Figure 5 and 
abernathyite, nováčekite and heinrichite in Figure 6.  There is a much stronger 
similarity of the spectral profiles in this region. Three intense bands are observed for 
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the Gilgai metazeunerite at 5075, 4939 and 4783 cm-1.  For the second metazeunerite 
bands in this spectral region are observed at 5204, 5092, 4991 and 4849 cm-1.  The 
position and intensity of these bands shows that the spectral profile in this region is 
different for the two metazeunerites.  The NIR spectrum of zeunerite shows bands at 
5213, 5116, 4988 and 4786 cm-1.   NIR bands in this spectral region are the result of 
combination of bands in the MIR spectrum.  Nováčekite shows NIR bands at 5206, 
5107, 4994 and 4857 cm-1.  It is noted that there are a series of bands in the 4200 to 
4400 cm-1 for nováčekite.  Bands in this region may result from combination bands  of 
hydroxyl stretching units.  Some low intensity bands were also noted for 
metazeunerite in this region.  The implication of these NIR bands is the existence of 
hydroxyl units in the mineral. It is possible that some hydroxyl units exist in the 
interlayer of the uranyl arsenate.  The NIR spectrum of heinrichite is more complex 
with a significant number of overlapping bands. Intense bands are observed at 5182, 
5093, 5010, 4886 and 4753 cm-1.  The question arises as to whether this complexity 
reflects the complexity of the structural arrangements of water in the interlayer of 
heinrichite. The NIR spectrum of abernathyite in the 4800 to 5400 cm-1 shows bands 
at 5268, 5247, 5191, 5055 and 4868 cm-1.    
 
Conclusions 
 
 Near-IR spectroscopy is a technique, which has not been previously applied to 
the study of uranyl arsenates.  Indeed autunites by their very nature, being composed 
of interlayer water coordinated to cations and to other water units lend themselves to 
study by NIR.  NIR reflectance techniques have proven must useful for the analysis of 
uranyl arsenates. Three Near–IR spectral regions are identified: (a) the high 
wavenumber region between 6400 and 7400 cm-1 attributed to the first overtone of the 
water stretching modes (b) the 4800-5400 cm-1 region attributed to water combination 
modes and (c) the 4000-4800 cm-1 region attributed to the combination of the 
stretching and deformation modes of the MOH units of hydrotalcite.  The technique of 
near-IR spectroscopy for the study of uranyl arsenates shows great potential for the 
understanding of the interactions between the water and the interlayer cations.   
 
 The use of NIR in the study of uranyl arsenates has some important 
implications for their structure.  The observation that the NIR spectra in the first 
overtone region are different for the different uranyl arsenates implies that the 
structure of water in the autunite interlayer is different.  Such a conclusion is also 
supported by the water OH stretching region where considerable differences are 
observed.  Secondly the observations of bands which are attributed to MOH units 
show the existence of hydroxyl units even though such units may be in low 
concentrations.  
Certainly NIR is an excellent technique for the study of the autunite minerals and may 
be used to distinguish between different autunite phases such as the partially 
dehydrated autunites for example zeunerite and metazeunerite.   
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Table 1 Mineral samples 
 
 
Mineral Formula Number Location 
Cu[(UO2)2(AsO4)]2.8(H2O) . Min. Res. Co. Copper Stope, Majuba Hill, Pershing Co., NevadaMeta-zeunerite 
Cu[(UO2)2(AsO4)]2.8(H2O) M20948 Gilgai, New England, NSW 
Zeunerite Cu[(UO2)2(AsO4)]2.12(H2O) Min. Res. Co. Weisser Hirsch, Saxony, Germany 
Nováčekite Mg[(UO2)2(AsO4)]2.12(H2O) D4537 Chihuahua, Mexico 
Heinrichite Ba[(UO2)2(AsO4)]2.12(H2O) D43412 White King Mine, Lakeview, Oregon, USA 
Abernathyite K2[(UO2)2(AsO4)]2.12(H2O) M34931 Rivieral, Lodeve, Herault Dept., France. 
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Table 2 Table of the NIR data of metazeunerite, zeunerite, nováčekite, 
heinrichite and abernathyite 
 
Metazeunerite Zeunerite Nováčekite Heinrichite Abernathyite 
Min. Res. 
Co. 
M20948 D4537 D43412 M34931 Min. Res. Co. 
Band 
Centre 
(cm-1) / 
Intensity 
(%) 
Band 
Centre 
(cm-1) / 
Intensity 
(%) 
Band 
Centre 
(cm-1) / 
Intensity 
(%) 
Band 
Centre (cm-
1) / 
Intensity 
(%) 
Band 
Centre (cm-
1) / Intensity 
(%) 
Band Centre 
(cm-1) / 
Intensity (%) 
7090 / 0.38 
7068 / 0.07 
6747 / 11.88 
6528 / 9.42 
6314 / 4.94 
6159 / 1.16 
5696 / 0.60 
5587 / 0.97 
5504 / 0.26 
 
7066 / 0.14 
6903 / 0.53 
6791 / 6.35 
6664 / 9.38 
6447 / 8.40 
6252 / 1.98 
5857 / 0.12 
5658 / 1.12 
5530 / 0.43 
 
6925 / 2.72 
6795 / 8.31 
6642 / 15.53 
6398 / 7.76 
6210 / 1.29 
5868 / 0.51 
5698 / 1.30 
5544 / 0.46 
 
7210 / 0.42 
7111 / 3.26 
7019 / 4.22 
6838 / 14.40 
6831 / 2.76 
 
7370 / 0.21 
7168 / 0.43 
7115 / 0.11 
7083 / 1.94 
7065 / 0.25 
6936 / 1.48 
6914 / 4.13 
6860 / 7.65 
6649 / 0.86 
6532 / 0.38 
6102 / 0.38 
5890 / 5.50 
5659 / 2.26 
5534 / 0.87 
7084 / 6.30 
6973 / 3.40 
6808 / 16.26 
6462 / 4.54 
 
5321 / 0.06 
5204 / 5.94 
5092 / 17.56 
5019 / 1.68 
4991 / 22.70 
4849 / 18.38 
4629 / 0.52 
4587 / 0.44 
4536 / 1.49 
5227 / 1.86 
5075 / 33.40 
4939 / 20.61 
4783 / 12.29 
4603 / 2.45 
4529 / 0.54 
 
5213 / 3.74 
5116 / 17.68 
4988 / 27.63 
4786 / 12.74 
4585 / 0.33 
 
5268 / 1.83 
5247 / 7.20 
5191 / 24.16 
5055 / 25.32 
4846 / 3.16 
4518 / 1.16 
 
5253 / 1.22 
5182 / 16.39 
5093 / 15.84 
5010 / 13.59 
4886 / 20.85 
4735 / 3.60 
4609 / 1.51 
4548 / 0.34 
4526 / 0.20 
5248 / 2.35 
5206 / 19.35 
5107 / 22.44 
4994 / 13.24 
4857 / 2.39 
4760 / 0.58 
4603 / 0.84 
4535 / 7.08 
 
4152 / 1.19 
4109 / 0.37 
 
4126 / 0.21 
4092 / 0.19 
 
 4433 / 2.66 
4340 / 4.75 
4280 / 3.12 
4256 / 1.58 
 4455 / 0.80 
4266 / 0.44 
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7200 cm-1 region.  
 
Figure 3  MIR spectra of zeunerite and metazeunerite in the 2450 to 3700 cm-1 
region.  
 
Figure 4  MIR spectra of abernathyite, heinrichite and novacekite in the 2450 to 
3700 cm-1 region.  
 
Figure 5  NIR spectra of zeunerite and metazeunerite in the 4050 to 5550 cm-1 
region.  
 
Figure 6  NIR spectra of abernathyite, heinrichite and novacekite in the 4200 to 
5400 cm-1 region 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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